Industrial-scale ultrafiltration (UF) membrane systems have gained wide acceptance for producing safe drinking water. Laboratory and pilot plant studies are often carried out prior to the design of full-scale water treatment plants. Emphases are laid on how accurately these laboratory and pilot plant studies represent actual industrial-scale systems and the limitations. A case study which encompasses laboratory experiments, pilot plant and industrial-scale UF systems has been carried out in Malaysia using the same type of modified polyethersulfone hollow fiber UF membrane and surface raw water source. This research elaborates on the practical utilization of laboratory experiments and pilot plant results on the design and scale-up for industrial-scale water treatment plants. The results obtained in filtrate quality, transmembrane pressure and specific electricity requirements elucidate that both laboratory-and pilot-scale studies are essential to determine the detailed design criteria of an industrial-scale UF membrane water treatment plant with limitations that require attention. Design engineers are able to reduce the safety factor allowance and minimize cost by utilizing laboratory-and pilot-scale results for the scale-up of UF membrane water treatment plants.
INTRODUCTION
Contaminated water sources cause thousands of human deaths daily due to diseases (Misra & Singh ) . The water crisis has serious health implications particularly in developing countries (Enders et al. ) . This has raised an alarm for safe drinking water for public consumption.
Membrane systems such as ultrafiltration (UF) have been proven to be effective barriers for segregation of bacteria and viruses to produce safe drinking water (Di Zio et al. ) . Stringent drinking water requirements are pushing service providers around the world to increasingly turn their attention to membrane filtration technologies (Peiris et al. ) . Membrane treatment techniques have been proposed for application in green design for urban and municipal implementations due to their cost-effectiveness, user-friendliness and eco-friendliness (Rashidi et al. ) .
Various key design parameters are required prior to the design of industrial-scale membrane water treatment plants. In most cases, laboratory-or pilot-scale experiments are carried out to obtain these design parameters.
Full-scale water treatment plant efficacy in contaminant removal varies with differences in raw water quality and in design and operating conditions (Lohwacharin et al. ) .
Laboratory-scale studies are frequently carried out to determine the feasibility of operational cost for full-scale water treatment plants (Keeley et al. ) . Preliminary laboratory and pilot plant results are key elements for engineers and plant designers to evaluate the treatment process and subsequently determine the sizing for all the equipment of an industrial-scale treatment system. In UF systems, laboratory-scale experiments provide useful information on the effective membrane configurations and operational parameters (Howe et al. ) . This case study provides some essential data for analysis as it involves three UF systems which are laboratory-scale, pilot-scale and industrial-scale. The data obtained from the experimental rigs (laboratory-scale and pilot-scale) are then analyzed and compared to determine the accuracy and limitations of these data for the design of an industrial-scale UF system.
RESULTS AND DISCUSSION
All these systems utilized the same UF membrane and feed water to ensure uniformity. Results obtained from all the systems are further analyzed and discussed to determine the accuracy and limitations of the laboratory-scale and pilot-scale systems on the design of an industrial-scale UF membrane water treatment plant.
Quality of filtrate Table 2 shows the results obtained in the three UF systems in this research. All the UF systems were fed with the same source of river water and the filtration processes were carried out using the same UF membrane. Water turbidity and colour data are ). These studies were mainly carried out to determine the filtrate quality of the proposed membrane system. Our results in Table 2 indicate that laboratory-scale and pilot-scale experimental results on filtrate quality are in very close agreement with an industrial-scale membrane system.
Pressure drop through membrane modules
The TMP are not very consistent, with the laboratory-scale system giving the highest value among the three UF systems 
Specific electricity requirements
The specific electricity required to produce a unit of filtrate is much lower for the industrial-scale system as shown in Table 2 , for a few reasons. As mentioned earlier, the annular gap module is much better optimized to reduce pressure loss and thus reduce energy to overcome these losses. The /hr and H is the pump operating pressure in m. In this study, the pump efficiency in Table 2 is considered to be the overall efficiency of the motor and pump.
Higher energy efficiency of pumps will translate into lower energy losses which mean less energy is used to overcome the TMP of the UF systems. Table 2 . Using VFD to regulate the UF feed pump speed to ensure the specific flow rate is reached with a low TMP would reduce the energy consumption making the industrial-scale system much more efficient.
Another piece of useful information that can be fully uti- 
